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Diffuse-object holograms in silver halide
emulsions: influence of the beam ratio on the
efficiency and the signal-to-noise ratio
A. Fimia, R. Fuentes, and A. Bele´ndez
The influence of the beam ratio between reference and object beam intensities on the characteristics of
diffuse-object holograms recorded as volume phase holograms in bleached silver halide emulsion is
experimentally analyzed. Measurements of the diffraction efficiency and the signal-to-noise ratio of
the holograms are taken. The experimental results presented show that when the beam ratio
increases, the diffraction efficiency decreases and the signal-to-noise ratio increases; these two
holographic parameters behave in this way no matter what type of processing is used.
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Nowadays, holography is increasingly important in
different fields of optical technology, and many types
of holograms are now being used for scientific and
technical applications. For example, holograms are
among the most important components for some
optical systems: lenses, mirrors, couplers between
optical fibers, couplers between waveguides, optical
fiber demultiplexers, optical memories, and optical
interconnects for computing are representative de-
vices that have been proposed and fabricated with
some success. A feature of all these elements is that
they transform input wave fronts into output wave
fronts. In order to obtain these holographic optical
elements with high diffraction efficiency, it is neces-
sary to record these elements as volume phase
holograms.1 Photographic emulsions are an impor-
tant medium for making these volume holograms
because of the relatively high sensitivity and ease of
processing of the material, improved processing
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optical elements or for holographic storage owing to
their high potential efficiency and high information
densities. One of the most common materials is
photographic emulsion. Volume holograms recorded
in silver halide emulsions are commonly bleached to
obtain phase holograms in order to increase diffrac-
tion efficiency.2–5 In general, diffraction efficiency is
a function of the recording material and the process-
ing chemistry6–8 as well as of the exposure or the
balance ratio between reference and object beam
intensities. Unfortunately, although the resulting
phase holograms have high diffraction efficiency, this
is usually accompanied by an increase in the scatter-
ing of light from the silver halide grains9,10 and a
consequent reduction in image quality. Scattering
is due to the granular structure of the silver halide
material and takes place both at the recording and at
the reconstruction stage.
The properties of diffuse-object holograms re-
corded in photographic emulsion have been amply
studied. From a theoretical point of view, the study
done by Upatnieks and Leonard11,12 offered the first
theoretical model, and this model, together with the
one presented by Kogelnik13 for holographic grat-
ings, made it possible to analyze and study noise in
diffuse-object holograms. This model proved the
importance that the beam ratio has in the signal-to-
noise ratio of a diffuse object. More recent stud-
ies14,15 have shown that noise gratings are one of the
many sources of noise in the image of diffuse-object
holograms.
In this paper we experimentally analyze the influ-
ence of the balance ratio between reference and
object beam intensities on the diffraction efficiency
and the signal-to-noise ratio of diffuse-objects holo-
grams recorded in bleached silver halide emulsion.
We consider rehalogenating bleaches with and with-
out a fixation step.
2. Experimental Procedure
Diffuse-object holograms were recorded on Agfa-
Gevaert 8E75 HD emulsion, and the exposures were
made with 632.8-nm radiation from a He–Ne laser.
The object used was a 2 cm 3 2 cm square with a
central opaque zone measuring 1 cm 3 1 cm. The
reference beam was collimated, and it was polarized
perpendicular to the plane of incidence. The dis-
tance of the object from the recording medium was
30 cm, and the reference beam formed a 37.5° angle
with the normal of the holographic plate, which was
parallel to the object. Figure 1 shows a schematic
representation of the geometry used in our experi-
ments. The reference-to-object beam ratios consid-
ered were k equal to 1.5, 3.5, 9, 18, and 40.
Twelve holograms were made with exposures in
the range from 10 to 340 µJ@cm2. Spurious reflec-
tions were eliminated by placement of an index-
matched absorbing layer against the glass side of the
photographic plate. After exposure, the plates were
developed in PAAAC developer.16 The developed
plates were rinsed briefly and bleached without a
fixation step. Two types of bleach baths were used
in these experiments: one was R-10, and the other
was EDTA. Both of these are rehalogenating bleach
baths. In these rehalogenating bleaches, the bleach
baths contain a rehalogenating agent 1potassium
bromide2 that converts most of the developed silver
back into a silver halide. In this case a phase
hologram is obtained mainly by the transfer of silver
halide between the unexposed and the exposed ar-
eas.17,18 These bleaches have the advantage that
the resulting emulsion thickness change produced
by these baths is very small 1,0.05 µm2 in the
nominally thick 6-µm film,19,20 since the overall
Fig. 1. Experimental setup for recording diffuse-object holo-
grams: BS, beam splitter; ES, electronic shutter; M1–M3, mir-
rors; SF1, SF2, spatial filters.removal of silver salts from the emulsion is minimal.
Also it is assumed that the average refractive index
does not change appreciably as a result of process-
ing.19,20 As thickness and the average refractive
index of the holographic recording material show
very little change when this type of chemical process-
ing is used, the reconstruction geometry of the
holograms corresponding to maximum diffraction
efficiency coincide with the construction geometry if
recording and readout wavelengths are equal. This
implies that Bragg’s law is complied with in the
reconstruction stage, although sometimes there is a
displacement of the Bragg angle that is caused by
shear-type effects.21,22 The results obtained when
no fixation step was used are compared with the
results obtained for diffuse-object holograms for
which a fixation step was used in processing. The
latter holograms were obtained with a process in
which the emulsion was developed, fixed, and then
bleached. This is known as a rehalogenation pro-
cess; as a part of the process, the exposed areas in
which there are traces of metallic silver are subse-
quently processed, and as a result they once again
have silver halide in them. This generates a clear
difference in the refractive index of the silver halide
gelatin area and the area in which there is only
gelatin.
Details of the processing schedule as well as the
developer and the bleach bath formulas are given in
Tables 1–3.
3. Experimental Results
The holograms were replayed in air with the conju-
gate of the collimated reference wave, and the dif-
fracted output beam formed the real image of the
object. The diffraction efficiency and the signal-to-
noise ratio 1SNR2 were measured as a function of the
replay angle with the same wavelength that was
Table 1. Processing Schedule for Holograms: Fixation Step
Not Used in Holograms
Step Procedurea Time 1min2
1. Develop 1PAAAC2 3
2. Rinse in running water 1
3. Bleach 1R-10 or EDTA2 ,3
4. Wash in running water 5
aAll solutions at 20 °C.
Table 2. Processing Schedule for Holograms: Fixation Step
Used in Holograms
Step Procedurea Time 1min2
1. Develop 1PAAAC2 3
2. Rinse in running water 1
3. Fix with F-24 4
4. Wash 10
5. Bleach 1ferricyanide2 ,10
6. Wash in running water 5
aAll solutions at 20 °C.10 February 1996 @ Vol. 35, No. 5 @ APPLIED OPTICS 783
used during the recording stage. The SNR was
defined as the relation between the value of the light
intensity on each side of the square, I1 and I2, divided
by the value of the lightmeasured in the center of the
square I0 in the central square of the reconstructed
object:
SNR 5
I1 1 I2
I0
. 112
Therefore the SNR gives us the contrast at the
reconstructed object. In all cases the experimental
measurements for the intensities were corrected
taking into account losses that were due to reflection
at the two surfaces of the plates. SNR values of 1
are considered very noisy, and values of 60 or more
indicate that, as might be expected, practically no
light reaches the central zone of the square. The
noise N was measured as the ratio between the light
intensity I0 in the central square of the reconstructed
Fig. 2. Comparison of diffraction efficiency as a function of
exposure for different beam ratios when reconstruction is done at
the Bragg angle. Plates were processed without a fixation step
and bleached with EDTA 1see Table 12.
Table 3. Developer and Bleach Bath Formulas
PAAAC developer
Sodium carbonate 120 g
Ascorbic acid 18 g
Phenidon 0.5 g
Distilled water to make 1 L
R-10 rehalogenating bleach bath
Potassium dichromate 2 g
Sulfuric acid 10 mL
Potassium bromide 35 g
Distilled water to make 1 L
EDTA rehalogenating bleach bath
Ferric sulfate 30 g
Potassium bromide 30 g
Sulfuric acid 10 mL
Distilled water to make 1 L
Ferricyanide rehalogenating bleach bath
Potassium ferricyanide 7 g
Potassium bromide 8 g
Distilled water to make 1 L784 APPLIED OPTICS @ Vol. 35, No. 5 @ 10 February 1996object and the incident light intensity Ii:
N 5
I0
Ii
. 122
Taking diffraction efficiency and SNRas the param-
eters for study, we analyzed how these varied in
relation to exposure when the beam ratio was modi-
fied. The diffraction efficiency as a function of
exposure for the processing used in our experiments
is presented in Figs. 2–4. As we can see in these
figures, when the beam ratio increases, the diffrac-
tion efficiency decreases. However, when the beam
ratio increases, the SNR increases, as we can see in
Figs. 5–7, in which we present the SNR as a function
of exposure for the processing used. These two
functions, diffraction efficiency and SNR, behave in
this way no matter what type of processing is used.
As regards the types of processing that produced
noise gratings, we showed that the efficiency of these
noise gratings DIn 1which was defined in Ref. 14 as
the difference between the peak diffraction efficiency
and the efficiency at the reference angle2 decreases
with the beam ratio. Thus we see in Fig. 8 that
when the beam ratio k goes from 1.5 to 9, the
Fig. 3. Same as Fig. 2 except that the plates were bleached with
R-10 1see Table 12.
Fig. 4. Same as Fig. 2 except that the plates were processed with
a fixation step and bleached with a ferricyanide bleach bath 1see
Table 22.
minimum that appears in the diffraction efficiency
curve when reconstruction is done with the Bragg
angle decreases even more. As a matter of fact,
when k 5 1.5, DIn 5 5.8%, and when k 5 9, DIn 5
4.6%. However, the effect of noise gratings on effi-
ciency is more important for high values of k because
the maximum expected efficiency, hmax, is higher for
lower values of k. For example, for k 5 1.5, hmax is
approximately 34% and DIn 5 5.8%. This implies
that DIn@hmax < 0.17. On the other hand, for k 5 9,
we have hmax < 21%, DIn 5 4.6%, and thenDIn@hmax <
0.22.
Another fact that reconfirms the claim that an
equivalent grating can be assigned to the noise
function is that the grating reacts to the beam ratio
in exactly the same way as the diffraction efficiency
of the main grating does. A similar definition to the
definition of DIn is considered for analysis of the drop
in the noise that is due to noise gratings DN. In
other words, when the beam ratio increases, the
noise grating’s influence on total noise DN also
increases and therefore the minimum noise that is
obtained in the Bragg angle also decreases when the
Fig. 5. Comparison of the SNR as a function of exposure for
different beam ratios when reconstruction is done at the Bragg
angle. Plates were processedwithout a fixation step and bleached
with EDTA 1see Table 12.
Fig. 6. Same as Fig. 5 except that the plates were bleached with
R-10 1see Table 12.beam ratio increases 1see Fig. 92. In this case, when
k 5 1.5, DN 5 0.19%, and when k 5 9, DN 5 0.11%.
The effect of noise gratings on noise is more impor-
tant for high values of k because the maximum
expected noise Nmax is higher for lower values of k.
For example, for k 5 1.5, Nmax is approximately
1.25% and DN 5 0.19%. This implies that DN@Nmax
< 0.15. However, for k 5 9, we have Nmax < 0.20%,
DN 5 0.11%, and then DN@Nmax < 0.55.
This effect of the beam ratio on the characteristics
of noise gratings in diffuse-object holograms occurs
because for beam ratios greater than unity, the
desired diffuse-object pattern is recorded at a weaker
level, but there is one relatively strong of set noise
gratings. The reconstructed object is now much
dimmer compared with the recreated noise, and the
SNR may be much worse.23 The influence of the
beam ratio on noise gratings observed in diffuse-
object holograms shows that the scatter gratings
dominates the main desired diffuse-object hologram,
and the effect is similar to the effects observed when
holographic gratings are stored.24
Fig. 7. Same as Fig. 5 except that the plates were processed with
a fixation step and bleached with a ferricyanide bleach bath 1see
Table 22.
Fig. 8. Diffraction efficiency as a function of the reconstruction
angle when the beam ratio varies. The plates were processed
without a fixation step and bleached with EDTA. Exposure was
100 µJ@cm2.10 February 1996 @ Vol. 35, No. 5 @ APPLIED OPTICS 785
4. Conclusions
In summary, the experimental results shown in this
paper indicate that the diffraction efficiency and the
signal-to-noise ratio of diffuse-object holograms re-
corded in bleached silver halide emulsion depend
largely on the reference-to-object beam ratio. When
the beam ratio increases, the diffraction efficiency
decreases and the signal-to-noise ratio increases,
and these two holographic parameters behave in this
way no matter what type of processing is used. The
presence of noise gratings, generated by scattering
at recording, was observed in the response of the
holograms when no fixation step is used. The effect
of these noise gratings is higher when higher beam
ratios are used. Finally, the experimental results of
this paper give information about possible ways to
improve the holographic characteristics of bleached
diffuse-object holograms, and these results are also
important when holograms for optical storage25 or
optical interconnections26 are recorded.
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